The crystalline structure, the perfect face-centered cubic (fcc) atom packing and macroscopic morphological stability of sharp-edged silver nanoparticles of cubic and bipyramidal shapes were compared against quasi-spherical nanoparticles by using classical molecular dynamics (MD) simulations. A series of silver nanocubes (AgNCs) and nanobipyramides (AgNBs) of different sizes varying from 44 up to 1156 atoms were considered. Our MD simulations revealed that starting from the preformed perfect crystalline structures the initial shape was preserved for cubic and bipyramidal nanoparticles composed of more than 256 atoms. Surprisingly, the rapid loss of the cubic-shape morphology and transformation into the non-fcc-structure were found for the smaller AgNCs composed of less than 172 atoms. No such loss of the preformed crystalline structure was noticed for bipyramidal and quasi-spherical nanoparticles. The analysis of the binding energy of the outermost Ag surface atoms suggests that the loss of the perfect cubic shape, rounding and smoothing of sharp edges and corners were driven by the tendency towards the increase in their coordination number.
Introduction
Silver nanoparticles (AgNPs) have gained the growing attention due to their great performance in a broad range of applications, ranging from spectroscopic techniques based on surface-enhanced Raman scattering and metal-enhanced fluorescence up to numerous life-science applications, such as in vivo cellular imaging and sensing [1] [2] [3] . In recent years, particular attention has been paid to synthesis and characterization of sharp-edged AgNPs [4] , because their optical, electronic and catalytic properties are strongly dependent on the number of constituent atoms and morphology [1, [5] [6] [7] . The simple chemistry enables the tuning of these properties by varying the shape, ratio and number of the corners and edges that holds promise for their applications in many industrially and technologically important phenomena, ranging from chemical engineering to nano-science [8] [9] [10] [11] . However, the complex interplay among the physico-chemical properties, such as size, morphology, charge, and ligand coating, often makes the interpretation of the experimental results difficult [6, 7] .
Despite the substantial progress made in the chemical fabrication of sharp-edged silver nanostructures, there is less understanding of their morphological stability where high resolution methods are still difficult to apply [12] . Therefore, the atomic-scale information, which is not directly accessible by experimental studies, is often tested out by various types of computational chemistry methods. Among these methods, molecular dynamics (MD) simulation has become a powerful tool, which can effectively complement experiments to design well-defined nanostructures [6, 13] and may facilitate the investigation of structure of metal nanoparticles at the atomic level [14] . MD simulation studies have already provided the important insight into solution-phase synthesis of silver nanostructures that involves the seeded growth [15, 16] , aggregation of silver clusters, as well as adsorption of stabilizing agents and solvent molecules onto the exposed facets of inorganic metal nanocrystals [17, 18] . Numerous MD simulation studies of isolated quasi-spherical metal nanoparticles, as well as nanoparticles protected by organic ligands [19] [20] [21] and polymers [22] [23] [24] [25] [26] , have been conducted. However, the reliability of classical MD simulations of non-spherical nanoparticles with sharp edges and corners, such as cubes, pyramids, octahedrons, rods, etc., is still poorly understood [15, 27, 28] .
The main goal of our work was to benchmark a scope and limitations of classical MD simulations for studying of the structure of sharp-edged silver nanoparticles with cubic (AgNCs) and bipyramidal (AgNBs) shapes (Figure 1) . A series of silver nanocubes and nanobipyramides of different sizes, varying from 44 up to 1156 atoms, were considered. The relative stability of silver nanoparticles of the different shapes was found to be correlated with the binding energy and the coordination numbers of the outermost low-coordinated Ag surface atoms.
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Molecular dynamics simulation setup
The initial configuration of the silver nanocubes (AgNCs) and nanobipyramides (AgNB) were approximated by the preformed perfect face-centered cubic (fcc) crystalline structure (Fig. 1) . All silver nanoparticles consisted of neutral, non-polarizable silver atoms with the zero charge. The repulsion and dispersion terms of the nonbonded interactions between silver atoms were computed by using the Lennard-Jones 12−6 potential energy function (Fig. 1 , Eq. 1), which describes the dependence of the potential interaction energy V LJ (r ij ) of two silver atoms as a function of the interatomic distance. The nonbonded interaction parameters Ag-Ag σ=0.264 nm and ε=19.0587 kJ/mol were taken from our recent works [22, 29] . No any rigid bonds and restraints were applied between silver atoms, so that the silver core crystalline structure was maintained by the Ag-Ag nonbonded LJ interactions.
Each Ag nanostructure was simulated in vacuum according to the following procedure: (1) Steepest descent energy minimization was performed for 500 steps. (2) Initial atomic velocities were generated with the Maxwellian distribution at T=250 K. Then, productive MD sampling was carried out at the reference temperature of T=303 K, which was kept constant using the Berendsen weak coupling scheme with the temperature coupling constant of  T =0.1 ps [30] . To test the reproducibility of our MD simulations, 3-5 independent MD runs were carried out for each studied system, starting from different initial distributions of Maxwellian atomic velocities. The cutoff distance of 0.8 nm was used for Lennard-Jones interactions. The MD simulation time step was 2 fs with the neighbor list updates every 10 fs. The MD simulations were carried out using the GROMACS set of programs, version 4.6.5 [31] . Molecular graphics and visualization were performed using VMD 1.9.2 [32] . 
Results and Discussion

MD Simulations of Morphological Stability.
The morphological stability, crystalline structure and the perfect face-centered cubic (fcc) atom packing were considered for series of preformed silver polyhedrons, nanocubes and bipyramides of varying sizes from N=44 up to 1156 atoms (Fig. 1) . Our MD simulations revealed that the morphological stability of the preformed silver cubic-shape fcc-nanocrystals was size-dependent. MD simulations of each system AgNC was repeated from 3 to 5 times, starting from different initial distributions of Maxwellian atomic velocities. In the most cases, the perfect cubic shape and the fcc crystalline structure were reproduced for AgNCs composed of N=256-1099 atoms. In some single MD runs, fcc lattice defects due to displacement of a single Ag atom could be observed. However, for the smaller AgNC with N=172, all independent MD runs revealed the appearance of multiple crystalline lattice defects and the significant loss of the sharp corners and edges. Upon a further decrease in N to 63-108, the complete loss of the cubic shape occurred (Fig. 2) . In contrast, in all the cases of AgNBs and quasi-spherical AgNPs of different sizes with N=38-1156 MD simulations reproduced the initial morphology and the perfect fcc crystalline structure.
Root Mean Square Displacements. To characterize the stability of Ag nanostructures, their structures were analyzed by calculating the root mean square displacement (RMSD) of Ag atoms as a function of time (Fig. 2) . The RMSD of all Ag atoms was calculated with the respect to their positions in a perfect fcc structure by using the GROMACS utility g_rms, which carries out least-square fitting the current Ag nanostructure (τ 2 ) to its initial perfect structure (τ 1 = 0) (Eq. 2). 
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where M is given by (Eq. 3) and r i (τ) is the position of silver atom i at time τ [33] . The RMSD of all Ag atoms was calculated with respect to their position in a perfect fcc structure by least-square fitting of the nanoparticle structure (τ 2 ) to its initial perfect structure (τ 1 =0) (Fig. 2) . MD simulations demonstrated that the smallest AgNB 44 was capable to keep its initially preformed bipyramidal shape during 10 ns sampling period. In contrast, the complete loss of the cubic shape was evident for AgNC 63 already after 2-3 ns (Fig. 2) . 26 Coordination Numbers of Ag atoms. In a fcc unit cell the lattice atoms were located at each of the corners and the centers of all the cubic faces; therefore, each bulk Ag atom occupied the closedfacets site with the coordination number (CN) of 12. The coordination number decreased up to 9, 7, 4 and 3 for the Ag atom that located at the side, edge, and corner of the cubic and bipyramidal shaped nanoparticles [34] (Fig. 3) .
The analysis of the morphological stability of the studied systems showed that the loss of the perfect structure in the sharp-edged Ag nanoparticles was driven by the tendency of the outermost lowcoordinated Ag atoms located at the corners and edges to increase in their coordination number (CN) by acquiring more neighboring surrounding atoms [34, 35] . Upon going from AgNCs to AgNBs the CNs of the corner atoms were increased from 3 up to 4 (Fig. 3) . Therefore, AgNBs were characterized by the more stable morphology as compared with AgNCs of the same sizes. These findings explain the high morphological stability of quasi-spherical nanoparticles, in which corner and edge atoms are characterized by CN=7 (Fig. 3) . Binding Energy of Outermost Ag atoms. The Van der Waals binding energy of the certain atoms located at the corners and edges of the studied silver nanoparticles were considered by estimating their average LJ interaction energy calculated with the rest of the Ag atoms within the interaction cutoff distance 0.8 nm. As mentioned above, for AgNCs composed of N>256, the perfect cubic shape was reproduced. However, some single Ag-atom lattice defects could still be observed. Fig. 4 shows the example of the formation of such single-atom defect and the time trace of the binding energy of a single corner Ag atom in AgNC 500 calculated from the MD trajectory. The binding energy of the single corner Ag atom demonstrated the high-amplitude fluctuations around the initial plateau at -76 kJ/mol during the first 0.8 ns. After that, the rapid hopping of the Ag atom toward the side position occurred leading to the binding energy decreased up to -104 kJ/mol. The corner-to-side hopping of the selected Ag atom required the activation energy ΔE a of ~12 kJ/mol (Fig. 4) . ΔE a was calculated as the difference between the average binding energy of the selected Ag atom (energy trajectory from 0 to 0.8 ns) and the highest energy value observed before the hopping (dotted lines in Fig. 4) . In AgNB 670 , no such corner atom hopping occurred, so that its binding energy was fluctuated around -90 kJ/mol. In agreement with the increase in the coordination number (Fig. 3) , the much larger binding energies of -149 and -174 kJ/mol were observed for the corner and edge atoms in AgNP 1007 (Fig. 4) . This fact explains the high structural stability of quasi-spherical silver nanostructures.
Thus, we suggest that the loss of the perfect cubic-shape, accompanied by rounding of the sharp edges and corners, is driven by the tendency of the outermost Ag atoms to acquire more neighboring surrounding atoms. The migration of the certain Ag atom from an edge or a corner should lead to the increase in their coordination number, so that their binding stabilization energy should also increase. It is also well recognized that physical and chemical properties of metal nanoparticles are strongly sizedependent because of their large surface-to-volume ratio [34, 36, 37] . In the studied AgNCs, the fraction of the outermost surface atoms (F surf ) was increased from 39.5 % up to 85.7 % when going from AgNC 1099 to AgNC 63 , respectively. In AgNC 63 , the majority of the Ag atoms (54) were the weakest bound surface atoms. Therefore, these arguments explain the low stability of the cubic-shape morphology of small AgNCs and their rapid rearrangement to the nearly spherical shape that is more thermodynamically stable. 
Summary
Our MD simulations revealed that, starting from the preformed perfect crystalline structures, the morphological stability of a series of AgNCs and AgNBs depended on their shapes and sizes varying from 44 up to 1156 atoms. The rapid loss of the cubic-shape morphology and transformation into the non-fcc-structure were found for the smaller AgNCs composed of less than 172 atoms, which were not observed for bipyramidal and quasi-spherical nanoparticles of the same sizes. The analysis of the binding energy of the outermost Ag surface atoms suggests that the loss of the perfect cubic shape, rounding and smoothing of sharp edges and corners are driven by the tendency towards the increase in their coordination number. Therefore, the structure of AgNBs, in which its low-coordinated corner atoms have CN=4, is characterized by the more stable morphology as compared to AgNCs, in which its corner atoms have the smallest CN=3. Taken together, these results provide the new important physical insights onto the relative stabilities of various sharp-edged silver nanoparticles in the gas phase, which have further promising perspective in solution phase synthesis of polymer-protected silver nanoparticles.
